Introduction {#S1}
============

There has been a relative explosion of studies investigating the role of inflammation in psychiatric illnesses, and especially major depressive disorder (MDD).^[@R1],[@R2]^ Patients with MDD reliably exhibit increased peripheral blood concentrations of the acute phase reactant C-reactive protein (CRP) and other markers of inflammation including the innate immune cytokines interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF) and their soluble receptors/antagonists.^[@R1],[@R3],[@R4]^ Elevated CRP and other peripheral blood markers of inflammation have been found to predict future development of depression,^[@R5]--[@R7]^ as well as resistance to standard antidepressant therapies.^[@R8]--[@R10]^ Moreover, clinical trials using anti-cytokine therapies for MDD have targeted patients based on elevated peripheral blood CRP concentrations.^[@R2]^

Peripheral blood CRP is an acute phase reactant produced by the liver in response to innate immune cytokines, notably IL-6 and TNF, and is involved in the inflammatory response.^[@R11],[@R12]^ CRP is also used in clinical practice as a biomarker of systemic inflammation and is routinely measured across medical centers and research laboratories.^[@R13],[@R14]^ A multitude of epidemiologic studies in large populations have shown that increased concentrations of peripheral blood CRP are associated with greater risk for a number of medical illnesses that have been associated with MDD such as cardiovascular disease, metabolic disorders and diabetes. In addition, a recent clinical trial found that anti-IL-1beta treatment was successful in reducing cardiac complications in patients with a previous myocardial infarction and elevated CRP.^[@R15]^ Despite the prominence of peripheral CRP as a viable marker of peripheral inflammation, little is known about how increased concentrations of CRP in the blood relate to inflammation in the brain.^[@R16],[@R17]^

The American Heart Association considers peripheral CRP \>3mg/L, e.g. 'high CRP,' to be associated with the greatest risk for development of cardiovascular disease relative to concentrations considered low (\<1mg/L) and moderate (1--3mg/L).^[@R18]^ These guidelines for risk of heart disease are consistent with emerging evidence that inflammation serves as a common mechanism of disease affecting multiple bodily systems, including the brain.^[@R19]^ Although not every patient with MDD exhibits high inflammatory markers, evidence suggests that 'high' CRP (\>3mg/L) is detected in a substantial proportion of patients (\~25--45% depending on the sample).^[@R20]--[@R24]^ Recent data indicate that increasing plasma CRP concentrations in patients with MDD is also associated with decreased functional connectivity within reward circuitry and with high CNS glutamate, which correlated with symptoms of anhedonia.^[@R25],[@R26]^ These findings in MDD patients with high plasma CRP are strikingly similar to the effects of peripheral administration of inflammatory stimuli on neural activity in reward circuitry and CNS neurotransmitters such as glutamate and dopamine, and may reflect activity of inflammatory mediators in the CNS.^[@R27]--[@R31]^ Although peripheral blood CRP serves as an excellent marker of peripheral inflammation with potential implications for both research and clinical care, critical knowledge is lacking regarding relationships between peripheral CRP and other inflammatory markers in both the periphery and CNS of patients with MDD.

Several studies have observed increased inflammatory cytokines in cerebrospinal fluid (CSF) of MDD patients and presumably depressed suicide attempters,^[@R32]--[@R34]^ yet relationships between CRP and other inflammatory markers in the periphery and CNS of patients with MDD remain unclear. CRP and cytokines are large molecules (\~15--25kd) that do not freely cross the blood-brain barrier (BBB), but can access the CNS and activate local inflammatory pathways through several routes: 1) passage through leaky regions of the BBB; 2) active uptake; 3) activation of endothelial cells and immune cells in cerebral vasculature that release inflammatory mediators into brain parenchyma; and 4) binding to cytokine receptors on peripheral nerve afferents (e.g., vagus nerve), which then relay cytokine signals to brain.^[@R35]--[@R37]^ Due to the complexity of transmission of inflammatory signals from periphery to brain, it is unknown whether elevated CRP and other inflammatory biomarkers in plasma are mirrored in CSF, or whether peripheral inflammatory signals in MDD drive a unique profile of inflammatory activity in the CNS.

Given the paucity of data on the relationship between peripheral blood CRP and other markers of inflammation in the periphery and CNS, we explored relationships between plasma and CSF concentrations of CRP and inflammatory cytokines and their receptors/antagonists in medically-stable, currently-unmedicated outpatients with MDD, and examined their relationship with depressive symptoms, particularly those related to anhedonia and reduced motivation (RM).^[@R25],[@R26],[@R38]^ The ratio of albumin in CSF to plasma was also examined as a marker of BBB integrity.^[@R32],[@R39]^

Methods {#S2}
=======

Participants and Eligibility Criteria {#S3}
-------------------------------------

Eighty-nine male and female participants (aged 21--65) recruited through local media outlets and mental health providers had a primary diagnosis of MDD, or bipolar disorder-current episode depressed (n=6), determined by Structured Clinical Interview for Diagnostic and Statistical Manual-IV (SCID-IV).^[@R40]^ Subjects had a 17-Item Hamilton Rating Scale for Depression^[@R41]^ score ≥18 and were currently free of psychotropic medications, medications that affect the immune system and drugs of abuse. Other medications were allowed per patients' treating physicians. Medical illness affecting the immune system were exclusionary, but other disorders were allowed as long as patients were medically-stable, as determined by medical history, physical exam and laboratory testing. All patients were carefully monitored for safety (e.g. suicidality, significant worsening) during the course of the study. See [Supplemental Methods](#SD8){ref-type="supplementary-material"} for details on psychiatric and medical exclusions. Screening peripheral blood CRP was assessed by Emory University Hospital Clinical Laboratory over two visits spaced 1--4 weeks apart. Measurements \>10mg/L were repeated at \~2-week intervals to ensure stability (within 25%). Participants in this sample overlap with those of published studies on inflammation effects on cognition or neuroimaging outcomes.^[@R25],[@R26],[@R42]^ All procedures were *a priori* approved by Emory University Institutional Review Board, and all participants provided written informed consent.

Study procedures {#S4}
----------------

To minimize circadian variations, blood was collected Day 1 at 0900±1h and behavior was collected at 1100±1h. Plasma was isolated from EDTA-blood (collected by indwelling catheter after ≥30 minutes of rest) by centrifugation (1000g for 15-minutes at 4°C) and stored at −80°C until batched assay. Seventy-three of 89 patients agreed to undergo lumbar puncture, conducted on Day 2 between 1200 and 1600h by trained physicians. After discarding initial 1cc to avoid blood contamination, 10cc of CSF was collected into chilled tubes, aliquoted at 1cc and frozen at -80°C until batched assay.

Behavioral assessments {#S5}
----------------------

Symptoms of depression, including anhedonia and RM, were measured by the Inventory of Depressive Symptomatology-Self-Reported (IDS-SR)^[@R43]^ and the 20-item Multidimensional Fatigue Inventory (MFI) self-report.^[@R44]^ Anhedonia was assessed as previously reported using a 3-item subscale of the IDS-SR^[@R25],[@R45]^ and RM was assessed by the RM subscale of MFI.

Measurement of inflammatory biomarkers {#S6}
--------------------------------------

Plasma concentrations of high sensitivity CRP, and plasma and CSF albumin, were determined by immunoturbidometric method (Sekisui Diagnostics, Lexington, MA) on a Beckman AU480 automatic analyzer.^[@R21],[@R25],[@R26]^ Due to enhanced sensitivity compared to the immunoturbidometric method, CRP in CSF was quantified by electrochemiluminescence-based immunoassay (MesoScale Discovery, Gaithersburg, MD).^[@R46]^ CRP in plasma was also measured on the this platform to confirm consistency with the immunoturbidometric method. Plasma and CSF cytokines (IL-6, TNF, IL-1beta) and their soluble receptors/antagonists (soluble TNF receptor 2 \[sTNFR2\], IL-1 receptor antagonist \[IL-1ra\] and IL-6 soluble receptor \[IL-6sr\]), which are reliably associated with depression and also fatigue in breast cancer,^[@R1],[@R3],[@R47]--[@R49]^ were assessed in duplicate (plasma) and triplicate (CSF) using multiplex bead-based assays (R&D Systems, Minneapolis, MN) analyzed with MAGPIX CCD imaging system (Luminex, Austin, TX).^[@R25],[@R26],[@R50]--[@R53]^. Mean inter- and intra-assay coefficients of variation were ≤10%. See [Supplementary Table 1](#SD1){ref-type="supplementary-material"} for detection limits.

Statistics {#S7}
----------

Clinical characteristics were summarized using mean and standard deviation (SD) for continuous variables and percent for categorical variables. Although the sample size exceeded criteria for central limit theorem,^[@R54]^ non-parametric statistics were reported for any correlation where at least one (y) variable was not normally distributed. To improve normality for parametric statistical modeling and consistent with previous analyses, immune markers were natural log (ln) transformed and extreme values (mean +/-3 SDs) were excluded.^[@R23],[@R55]--[@R57]^ Associations between CRP, inflammatory cytokines and their receptors/antagonists in plasma and CSF as well as the CSF to plasma albumin ratio and behavior were assessed using Pearson's r or Spearman correlation coefficient where indicated. The Benjamini--Hochberg step-up procedure was used to control for multiple comparisons. Significant relationships between plasma and CSF CRP and other inflammatory markers were assessed in linear regression models with clinical covariates that may modify relationships between central and peripheral inflammation, including CSF/plasma albumin, age, sex, race, and body mass index (BMI). To determine whether patients with high versus low plasma CRP (\>versus≤3mg/L) exhibited an increase in other inflammatory markers in plasma or CSF, Z scores for cytokines and their soluble receptors/antagonists were compared between groups by general linear model, with and without covariates. Principal components analysis (PCA) was used to identify clusters of CSF inflammatory markers that were associated with high plasma CRP (\>3mg/L). Varimax rotation with Kaiser Normalization was used to simplify factor structure, as determined by Eigen values \>1, and only individual variable contributions of \>0.3 qualified for loading components.^[@R58]^ In exploratory analyses, resulting Bartlett factor scores were correlated with IDS-SR and MFI scores. Individual inflammatory markers from components that significantly predicted behavioral scores were entered into backward and forward linear regression models using the same criteria for entry and removal that included clinical covariates to identify markers that were most significantly associated with IDS-SR and MFI scores, and subsequently their subscales of anhedonia and RM. Finally, whether CRP in plasma and CSF associated with scores over the median (≥6) on the anhedonia subscale was explored by linear and logistic regression. Tests of significance were two-tailed, conducted in IBM SPSS Statistics 24, and medium effect sizes (r=\~0.3) could be detected with β=0.80 and α\<0.05.

Results {#S8}
=======

Patient characteristics and biomarker concentrations {#S9}
----------------------------------------------------

Demographic and clinical characteristics and biomarker data of the study sample are presented in [Table 1](#T1){ref-type="table"}. No differences were observed between patients providing both plasma and CSF samples (n=73) and those providing plasma only (n=89) (see [Supplementary Table 2](#SD2){ref-type="supplementary-material"}). BMI was the only clinical or demographic variable associated with plasma CRP (r=0.428, p\<0.001), consistent with relationships between adiposity, inflammation and depression.^[@R59]^ To achieve normality for parametric analyses, in plasma one extreme value (mean +/-3 SDs) was excluded for CRP (immunoturbidometric), TNF, IL-1beta and IL-6sr, whereas two extreme values for IL-1ra and CRP (electrochemilumiminescence) and three values for IL-6 were excluded. In CSF, one value each was excluded for IL-6, IL-1beta, IL-6sr and sTNFR2, and two values were excluded for CRP (electrochemilumiminescence) and IL-1ra. IL-1beta was not detected in one CSF sample. Of note, plasma CRP measured by immunoturbidometric and electrochemiluminescence methods were highly correlated (r=0.950, df=84, p\<0.001). Because the immunoturbidometric method is the clinical standard for measurement of CRP that is routinely used in CLIA-certified laboratories across the United States, it was chosen for subsequent statistical analysis.^[@R13],[@R14]^

Correlations of CRP and other inflammatory markers in plasma and CSF {#S10}
--------------------------------------------------------------------

Plasma CRP (n=89) was significantly correlated with numerous other plasma inflammatory markers including IL-6, TNF, sTNFR2 and IL-1ra (r=0.232 to 0.537, all p\<0.05 after correction for multiple comparisons) ([Table 2](#T2){ref-type="table"}). In addition, plasma TNF and IL-1beta were correlated with their respective receptors/antagonists, while TNF and IL-1ra correlated with all other markers in plasma (all r=0.232 to 0.522, all p\<0.05), except for IL-1ra to IL-6sr. In terms of relationships between plasma and CSF inflammatory markers (n=73), there was a strong correlation between plasma CRP and CSF CRP (r=0.855, df=71, p\<0.001) ([Figure 1](#F1){ref-type="fig"}). Interestingly, CRP in CSF was further correlated with every other marker in plasma except for IL-1beta (r=0.297 to 0.442, all p\<0.01) as well as with CSF concentrations of IL-6sr, sTNFR2 and IL-1ra (r=0.261 to 0.366, all p\<0.05), with a trend for correlation with CSF IL-6 (r=0.205, p=0.081) ([Table 2](#T2){ref-type="table"}). After correction for multiple comparisons, plasma CRP remained significantly associated with CSF CRP, and CSF CRP remained significantly associated with CSF IL-6sr and sTNFR2 (adjusted p\<0.05).

Relationship between CRP and inflammatory markers in plasma and CSF with CSF/plasma albumin ratio and clinical covariates {#S11}
-------------------------------------------------------------------------------------------------------------------------

The ratio of albumin in CSF to albumin in plasma (CSF/plasma albumin) did not correlate with plasma CRP (r=-0.009, p=0.942), and did not differ between patients with high versus low plasma CRP (\>versus≤3mg/L; t=-0.216, df=71, p=0.829). Correlations between plasma and CSF CRP with each other and other inflammatory markers that passed correction for multiple comparisons remained significant when controlling for CSF/albumin ratio (r=0.289 to 0.881, p\<0.05), as well as covariates relevant to BBB integrity (age, sex, race and BMI; r=0.293 to 0.842, p\<0.05) except for CSF CRP to plasma IL-6sr (p=0.101).

Inflammatory markers in plasma and CSF of MDD patients with high versus low plasma CRP {#S12}
--------------------------------------------------------------------------------------

Comparison of Z scores for cytokines and their receptors/antagonists in plasma and CSF revealed that patients with high (n=18) versus low (n=55) plasma CRP (\>3versus≤3mg/L) exhibited an overall increase in these markers in both plasma (F(1,82)=7.10, p\<0.001) and CSF (F(1,64)=2.87, p=0.016; [Figure 2a,c](#F2){ref-type="fig"}), which remained significant when controlling for clinical covariates (p\<0.05). These relationships were driven primarily by significant higher concentrations of IL-6 and IL-1ra in plasma (p\<0.001), and IL-6, IL-6sr and IL-1ra in CSF (p\<0.05; [Figure 2b,d](#F2){ref-type="fig"}). Additionally, three clusters of inflammatory markers in CSF that were significantly associated with high plasma CRP (\>3mg/L) were revealed by PCA. We identified three factors, which together explained 77.02% of the total variance (Component 1=31.86%, Component 2=26.42%, Component 3=18.74%). Factor loadings of each biomarker are shown in [Supplementary Table 3](#SD3){ref-type="supplementary-material"}. Component 1 was comprised of IL-6, IL-6sr and sTNFR2, Component 2 of TNF and IL-1beta, and Component 3 was comprised of IL-6sr and sTNFR2 with a negative loading for IL-1ra ([Supplementary Figure 1](#SD5){ref-type="supplementary-material"}).

Correlations between inflammatory markers in CSF that were associated with high plasma CRP and symptoms of depression and anhedonia {#S13}
-----------------------------------------------------------------------------------------------------------------------------------

In exploratory analyses, components scores from PCA of inflammatory markers in CSF that were associated with high plasma CRP (\>3mg/L) were correlated with total IDS-SR and MFI scores ([Figure 3](#F3){ref-type="fig"}). Component 3, containing CSF IL-6sr, sTNFR2 and IL-1ra was significantly correlated with total IDS-SR scores (r=0.255, p=0.033), and Component 2, containing CSF TNF and IL-1beta, was significantly correlated with total MFI scores (r=0.250, p=0.037). Component 1 was not significantly correlated with behavior (p\>0.80). Backward and forward linear regression models using the same criteria for entry and removal that included individual inflammatory markers from Components 2 or 3 and clinical covariates (age, sex, race and BMI) revealed that of those included in Component 2, CSF TNF was most significantly predictive of total MFI scores (r=0.266, p=0.026), and of Component 3, CSF IL-6sr was most significantly positively associated with total IDS-SR (r=0.349, p=0.002; [Figure 3](#F3){ref-type="fig"} and [Supplemental Figure 2](#SD6){ref-type="supplementary-material"}). Based on our previous studies showing relations between plasma CRP and anhedonia (also seen in this sample, although only significant in women \[r~s~=0.265, df=56, p=0.044\]), relationships between individual inflammatory markers from Components 2 and 3 and symptoms of anhedonia and RM, respectively, were examined. CSF TNF correlated with the RM subscale of MFI (r=0.236, p=0.045), and CSF IL-6sr correlated with the anhedonia subscale of ISD-SR (r=0.301, p=0.010; [Figure 3](#F3){ref-type="fig"}).

Exploratory analyses of relationships between other inflammatory markers and anhedonia: role of sex differences {#S14}
---------------------------------------------------------------------------------------------------------------

As with CRP (see above), correlations between TNF and IL-6sr and anhedonia (but not RM) were significant only in females (r~s~=0.284--0.344, p\<0.05) (see [Supplemental Table 4](#SD4){ref-type="supplementary-material"} for inflammatory markers stratified by sex). Accordingly, potential sex differences in the above described relationships between CSF markers and behavior were explored and showed that the correlation between CSF IL-6sr and anhedonia (but not CSF TNF and RM) was significant only in females (r=0.40, df=44, p=0.006; [Supplemental Figure 2](#SD6){ref-type="supplementary-material"}). Further exploration of relationships between CRP in plasma and CSF and anhedonia showed that patients with anhedonia scores above the median (≥6) had higher concentrations of plasma (F\[1,72\]=4.34, p=0.041) but not CSF (p=0.12) CRP compared to those with low (\<6) anhedonia ([Supplemental Figure 3](#SD7){ref-type="supplementary-material"}). Interestingly, higher plasma CRP also predicted high anhedonia by logistic regression (OR=1.49; 95%CI=1.07,2.87; p=0.044). Nevertheless, increased CSF CRP was observed in females with high anhedonia (F\[1,45\]=4.90, p=0.032; [Supplemental Figure 3](#SD7){ref-type="supplementary-material"}), and CSF CRP predicted high anhedonia in females (OR=1.75; 95%CI=1.03,2.98; p=0.040).

Discussion {#S15}
==========

Plasma CRP in patients with MDD was not only positively associated with plasma inflammatory cytokines and their soluble receptors/antagonists, but also correlated with CSF CRP (r\>0.8) and other CSF soluble receptors/antagonists. High compared to low plasma CRP (\>versus≤3mg/L) was also associated with higher levels of inflammatory cytokines and/or their receptors/antagonists in both plasma and CSF. PCA revealed clusters of cytokines and their receptors/antagonists in CSF that were associated with high plasma CRP (\>3mg/L), the component scores of which were correlated with increased IDS-SR and MFI total scores. These findings were driven by CSF IL-6sr and TNF, which in turn correlated with subscales of anhedonia and RM, respectively. Furthermore, high anhedonia was predicted by CRP in plasma (in the group as a whole) and CSF (in females). Together, these findings indicate that elevated plasma CRP is an excellent proxy for increased inflammatory markers in both the periphery and CNS, as well as clusters of cytokines in the CSF that are associated with specific behaviors, particularly in females. Moreover, the data support peripheral CRP as a marker to identify depressed patients appropriate for clinical trials testing immunotherapies targeting TNF and IL-6.^[@R2]^

A strong relationship between peripheral blood and CSF CRP has been previously reported in patients with Parkinson's disease,^[@R46]^ who may display decreased BBB function.^[@R60],[@R61]^ However, in our MDD patient sample, no relationship was found between plasma CRP and CSF/plasma albumin ratio, which is increased in individuals with reduced BBB integrity,^[@R62],[@R63]^ suggesting that higher CRP is not associated with impaired BBB function. Moreover, these data suggest that high CSF CRP and other inflammatory markers were likely attributed to local CNS production rather than diffusion or active uptake from the periphery.^[@R39],[@R64]^ The source of CRP in CSF of MDD patients is unknown but possibly explained by extra-hepatic sources of CRP that have been identified, including peripheral macrophages and microglia and astrocytes in the brain which may produce CRP in the CNS at low levels (ng/L versus mg/L in plasma).^[@R65]--[@R67]^ Interestingly, significant correlations between individual cytokines or their soluble receptors/antagonists in the plasma with their counterparts in CSF were not reliably detected, except for IL-6sr and IL-1ra. This is consistent with data from humans and non-human primates administered peripheral inflammatory stimuli whereby increased CSF IL-6 did not correlate with that of plasma,^[@R55],[@R68]^ suggesting local CNS production of IL-6.

Distinct clusters of CNS cytokines were identified by PCA to be associated with high plasma CRP (\>3mg/L) and correlated with depressive symptoms. Indeed, a cluster related to CSF concentrations of inflammatory cytokine receptors/antagonists correlated with increased IDS-SR scores, which was driven primarily by CSF IL-6sr. CSF IL-6sr in turn correlated with increased anhedonia, a symptom previously found to associate with peripheral inflammation-related alterations in reward circuitry and increased CNS glutamate.^[@R25],[@R26]^ High plasma CRP was associated with a principal component containing CSF TNF and IL-beta that correlated with MFI scores, which was due to a relationship between CSF TNF and the RM subscale of the MFI. These findings of distinct clusters of cytokines in the brain that were associated with different symptom profiles are interesting in that they may originate from different tissue sources of inflammation, with IL-6 signaling pathways and elevated cytokine receptors more indicative of systemic inflammation driven by peripheral organs such as liver, whereas TNF and IL-1beta may be more related to local inflammatory pathways in peripheral and CNS tissues. Interestingly, however, the two divergent clusters of CSF inflammatory markers that were related to high plasma CRP were ultimately associated with either increased anhedonia or RM, indicating that both inflammatory signaling profiles may converge on common pathways in the brain.

The soluble cytokine receptors/antagonists are increased during inflammation,^[@R69],[@R70]^ exist in plasma and CSF at higher concentrations than cytokines, and correlate with IFN-alpha-induced depressive symptoms.^[@R69]--[@R73]^ Unlike IL-1ra (which had a negative loading in PCA Component 3) and sTNFR2, which act as antagonists, IL-6sr forms a complex with IL-6 that readily binds gp130 to facilitate IL-6 signaling, even across the BBB.^[@R74]^ Direct inflammatory activity of IL-6sr may explain why it predicted behavior, particularly in PCA Component 3 where it accounted for 79.5% of the variability. Of note, IL-1beta did not correlated with CRP or predict behavior, yet its activity may be more reliably detected by gene expression.^[@R9],[@R10]^

A limitation of this study is that it was cross-sectional. Longitudinal work will determine causal links between peripheral and central inflammation and behavior in MDD by examining change over time or following administration of anti-inflammatory medications. Another limitation includes lack of data from healthy controls, patients with other psychiatric disorders or with inflammatory illnesses, to determine whether relationships between blood versus CSF CRP and cytokines are generalizable or specific to MDD. Finally, not all cytokines were measured and other unmeasured markers may be more strongly associated with plasma CRP or behavior. However, these data support that CRP associates with a pattern of CNS inflammatory activity which, like CRP, is predictive of symptoms of anhedonia.

Conclusions {#S16}
===========

This study provides evidence that CRP is a marker of both peripheral and central immune activity involving inflammatory cytokines previously found to be elevated in MDD.^[@R3],[@R47]^ Findings herein justify using plasma CRP as a marker of peripheral and CNS inflammation to further understand the role of inflammation in MDD and other psychiatric disorders, and as a clinical marker to identify and potentially inform treatment of patients.
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![Correlation between CRP in plasma and CRP in CSF of MDD patients.\
The concentrations of high sensitivity CRP in plasma were highly correlated with concentrations of CRP in the CSF of currently-unmedicated, medically-stable MDD patients. Please note that this relationship between plasma and CSF concentrations of CRP is graphed on the natural log scale. Respective concentrations of plasma and CSF CRP (mg/L) are also shown as multiples of 10. The dashed line (red) indicates plasma CRP \>3 mg/L. CRP in plasma was measured by immunoturbidometric method and CRP in CSF was measured by electrochemilumiminescence. Dashed lines (black) indicate the 95% confidence interval of the best fit line. CRP - C-reactive protein; CSF - cerebrospinal fluid; MDD - major depressive disorder](nihms-962498-f0001){#F1}

![Inflammatory cytokines and their soluble receptors and antagonists were increased in plasma and CSF of MDD patients with high plasma CRP.\
The sum of Z scores for concentrations of the inflammatory cytokines IL-6, TNF, IL-1beta and their soluble receptors were increased in plasma (**A**) and CSF (**C**) of patients with high (\>3 mg/L) versus low (≤3 mg/L) plasma CRP. Z scores for concentrations of individual inflammatory cytokines and their soluble receptors in plasma (**B**) and CSF (**C**) that contributed to the overall increase in patients with plasma CRP \>3 versus ≤3 mg/L. Data are presented as mean ± standard error. \*p \<0.05; \*\*p\<0.001. a - antagonist; CRP - C-reactive protein; CSF - cerebrospinal fluid; IL - interleukin; MDD - major depressive disorder; r - receptor; s - soluble; TNF - tumor necrosis factor](nihms-962498-f0002){#F2}

![PCA revealed clusters of CSF inflammatory markers that were associated with high plasma CRP (\>3mg/L) and that correlated with behavior.\
Three clusters of CSF inflammatory markers that were significantly associated with high versus low plasma CRP (\> vs ≤ 3mg/L) in patients with MDD were revealed by PCA. Of these clusters, Bartlett factor scores for **Component 2** were correlated with total MFI scores (blue arrow and text), and those of **Component 3** were correlated with total IDS-SR scores (red arrow and text). Multivariate regression including clinical covariates (black arrows and text) revealed that of **Component 2**, CSF TNF was most significantly associated with MFI scores, and then with the MFI subscale of reduced motivation (RM). Of **Component 3**, CSF IL-6sr was most significantly associated with IDS-SR scores, and then with the IDS-SR subscale of anhedonia. a - antagonist; BBB - blood brain barrier; CRP - C-reactive protein; CSF - cerebrospinal fluid; IDS-SR - inventory of depressive symptomatology-self report; IL - interleukin; MDD - major depressive disorder; MFI - multidimensional fatigue inventory; PCA - principal component analysis; r - receptor; s - soluble; TNF - tumor necrosis factor](nihms-962498-f0003){#F3}

###### 

Demographic, clinical and biomarker variables of the study sample.

  Variable                                                Mean, SD
  ------------------------------------------------------- ----------------
  *Demographic and Clinical*                              
   Age (years)                                            42.1 (11.1)
   Sex, Male (n, %)                                       31 (35)
   Race                                                   
    Caucasian (n, %)                                      38 (43)
    African American (n, %)                               51 (57)
   BMI (kg/m^2^)                                          27.5 (7.0)
   ATQR - previous medication in current episode (n, %)   33 (37.1)
   IDS-SR Score                                           39.2 (9.1)
  *Plasma Biomarkers*                                     
   CRP (mg/L)                                             2.191 ± 2.408
   IL-6 (pg/ml)                                           1.466 ± 0.782
   TNF (pg/ml)                                            5.363 ± 2.049
   IL-1β (pg/ml)                                          0.406 ± 0.167
   IL-6sr (ng/ml)                                         15.682 ± 2.781
   sTNFR2, plasma (ng/ml)                                 2.417 ± 0.779
   IL-1ra, plasma (ng/ml)                                 1.491 ± 1.620
   Albumin, plasma (g/dl)                                 3.328 ± 0.242
  *CSF Biomarkers*                                        
   CRP (mg/L)                                             0.013 ± 0.017
   IL-6 (pg/ml)                                           2.593 ± 1.340
   TNF (pg/ml)                                            1.203 ± 0.404
   L-1β (pg/ml)                                           0.317 ± 0.073
   IL-6sr (ng/ml)                                         0.690 ± 0.328
   sTNFR2 (ng/ml)                                         0.119 ± 0.597
   IL-1ra (ng/ml)                                         0.006 ± 0.003
   Albumin (g/dl)                                         0.031 ± 0.012

a - antagonist; ATRQ - Antidepressant Treatment Response Questionnaire; BMI - body mass index; CRP - high sensitivity C-reactive protein; CSF - cerebrospinal fluid; IDS-SR - Inventory of Depressive Symptomatology-Self Report; IL - interleukin; r - receptor; s - soluble; SD - standard deviation; TNF - tumor necrosis factor

###### 

Correlations (r, p) between inflammatory markers in plasma vs. plasma (n=89), and plasma and CSF vs. CSF (n=73), in medically-stable, currently-unmedicated MDD patients.

  ------------- ----------------------------------------- ------------------------------------------ --------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- ---------------------------------------------
  **Matrix**    **Marker**                                **Plasma (n=89)**                                                                                                                                                                                                                                                                

  **CRP**       **IL-6**                                  **TNF**                                    **IL-1β**                                     **IL-6sr**                                    **sTNFR2**                                    **IL-1ra**                                                                                  

  **Plasma**\   **CRP**                                   \-                                         **0.537**[^†^](#TFN3){ref-type="table-fn"}\   **0.232**[^†^](#TFN3){ref-type="table-fn"}\   0.150\                                        **0.251**[^†^](#TFN3){ref-type="table-fn"}\   **0.354**[^†^](#TFN3){ref-type="table-fn"}\   **0.522**[^†^](#TFN3){ref-type="table-fn"}\
  **(n=89)**                                                                                         **(\<0.001)**                                 **(0.029)**                                   (0.160)                                       **(0.018)**                                   **(0.001)**                                   **(\<0.001)**

  **IL-6**      \-                                        \-                                         **0.267**[^†^](#TFN3){ref-type="table-fn"}\   −0.075\                                       **0.258**[^†^](#TFN3){ref-type="table-fn"}\   **0.249**[^†^](#TFN3){ref-type="table-fn"}\   **0.410**[^†^](#TFN3){ref-type="table-fn"}\   
                                                                                                     **(0.011)**                                   (0.485)                                       **(0.015)**                                   **(0.019)**                                   **(\<0.001)**                                 

  **TNF**       \-                                        \-                                         \-                                            0.217\                                        **0.240**[^†^](#TFN3){ref-type="table-fn"}\   **0.554**[^†^](#TFN3){ref-type="table-fn"}\   **0.316**[^†^](#TFN3){ref-type="table-fn"}\   
                                                                                                                                                   (0.041)                                       **(0.023)**                                   **(\<0.001)**                                 **(0.003)**                                   

  **IL-1β**     \-                                        \-                                         \-                                            \-                                            −0.098[^†^](#TFN3){ref-type="table-fn"}\      0.060\                                        **0.251**[^†^](#TFN3){ref-type="table-fn"}\   
                                                                                                                                                                                                 (0.359)                                       (0.579)                                       **(0.018)**                                   

  **IL-6sr**    \-                                        \-                                         \-                                            \-                                            \-                                            **0.252**[^†^](#TFN3){ref-type="table-fn"}\   0.158[^†^](#TFN3){ref-type="table-fn"}\       
                                                                                                                                                                                                                                               **(0.017)**                                   (0.140)                                       

  **TNFR2**     \-                                        \-                                         \-                                            \-                                            \-                                            \-                                            **0.354**[^†^](#TFN3){ref-type="table-fn"}\   
                                                                                                                                                                                                                                                                                             **(0.001)**                                   

                                                          **Plasma (n=73)**                                                                                                                                                                                                                                                                

  **CSF**\      **CRP**                                   **0.855**\                                 **0.442**\                                    **0.360**\                                    0.202\                                        **0.328**\                                    **0.297**\                                    **0.429**\
  **(n=73)**                                              **(\<0.001)**                              **(\<0.001)**                                 **(0.002)**                                   (0.087)                                       **(0.005)**                                   **(0.011)**                                   **(\<0.001)**

  **IL-6**      0.231[^†^](#TFN3){ref-type="table-fn"}\   0.175[^†^](#TFN3){ref-type="table-fn"}\    **0.334**[^†^](#TFN3){ref-type="table-fn"}\   0.118\                                        **0.262**[^†^](#TFN3){ref-type="table-fn"}\   0.180[^†^](#TFN3){ref-type="table-fn"}\       0.067[^†^](#TFN3){ref-type="table-fn"}\       
                (0.050)                                   (0.138)                                    **(0.004)**                                   (0.321)                                       **(0.025)**                                   (0.127)                                       0.574                                         

  **TNF**       0.025\                                    0.173\                                     −0.209\                                       −0.209\                                       0.141\                                        0.068\                                        0.028\                                        
                (0.831)                                   (0.144)                                    (0.076)                                       (0.076)                                       (0.233)                                       (0.567)                                       (0.815)                                       

  **IL-1β**     0.003[^†^](#TFN3){ref-type="table-fn"}\   −0.056[^†^](#TFN3){ref-type="table-fn"}\   0.041[^†^](#TFN3){ref-type="table-fn"}\       0.057\                                        −0.041[^†^](#TFN3){ref-type="table-fn"}\      −0.007[^†^](#TFN3){ref-type="table-fn"}\      −0.045[^†^](#TFN3){ref-type="table-fn"}\      
                (0.878)                                   (0.640)                                    (0.733)                                       (0.632)                                       (0.729)                                       (0.953)                                       (0.704)                                       

  **IL-6sr**    0.232\                                    0.273\                                     0.143\                                        −0.108\                                       **0.418**\                                    0.154\                                        0.048\                                        
                (0.048)                                   (0.019)                                    (0.229)                                       (0.365)                                       **(\<0.001)**                                 (0.194)                                       (0.689)                                       

  **TNFR2**     0.134\                                    0.119\                                     0.135\                                        −0.151\                                       0.238\                                        0.270[^†^](#TFN3){ref-type="table-fn"}\       −0.018\                                       
                (0.258)                                   (0.317)                                    (0.257)                                       (0.201)                                       (0.043)                                       (0.021)                                       (0.881)                                       

  **IL-1ra**    0.183[^†^](#TFN3){ref-type="table-fn"}\   0.181[^†^](#TFN3){ref-type="table-fn"}\    0.230[^†^](#TFN3){ref-type="table-fn"}\       −0.081\                                       **0.273**[^†^](#TFN3){ref-type="table-fn"}\   0.235[^†^](#TFN3){ref-type="table-fn"}\       **0.298**[^†^](#TFN3){ref-type="table-fn"}\   
                (0.122)                                   (0.125)                                    (0.051)                                       (0.496)                                       **(0.019)**                                   (0.056)                                       **(0.010)**                                   

  **Matrix**    **Marker**                                **CSF (n=73)**                                                                                                                                                                                                                                                                   

  **CRP**       **IL-6**                                  **TNF**                                    **IL-1β**                                     **IL-6sr**                                    **sTNFR2**                                                                                                                                

  **CSF**\      **IL-6**                                  0.205\                                     \-                                            \-                                            \-                                            \-                                            \-                                            
  **(n=73)**                                              (0.081)                                                                                                                                                                                                                                                                          

  **TNF**       −0.023\                                   0.271\                                     \-                                            \-                                            \-                                            \-                                                                                          
                (0.849)                                   (0.021)                                                                                                                                                                                                                                                                          

  **IL-1β**     −0.047\                                   0.225[^†^](#TFN3){ref-type="table-fn"}\    **0.306**[^†^](#TFN3){ref-type="table-fn"}\   \-                                            \-                                            \-                                                                                          
                (0.690)                                   (0.055)                                    **(0.008)**                                                                                                                                                                                                                           

  **IL-6sr**    **0.366**\                                0.218\                                     0.131\                                        −0.182\                                       \-                                            \-                                                                                          
                **(0.001)**                               (0.070)                                    (0.274)                                       (0.124)                                                                                                                                                                                 

  **TNFR2**     **0.330**\                                0.249\                                     0.233\                                        −0.138\                                       **0.800**\                                    \-                                                                                          
                **(0.004)**                               (0.038)                                    (0.049)                                       (0.244)                                       **(\<0.001)**                                                                                                                             

  **IL-1ra**    0.261[^†^](#TFN3){ref-type="table-fn"}\   0.242[^†^](#TFN3){ref-type="table-fn"}\    0.111\                                        −0.009[^†^](#TFN3){ref-type="table-fn"}\      **0.535**\                                    **0.462**\                                                                                  
                (0.026)                                   (0.039)                                    (0.358)                                       (0.938)                                       **(\<0.001)**                                 **(\<0.001)**                                                                               
  ------------- ----------------------------------------- ------------------------------------------ --------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- ---------------------------------------------

Data are presented as Pearson's correlation coefficient (r) unless otherwise indicated, followed by p-value in parentheses. Relationships that remained significant after correction for multiple comparisons (p\<0.05) appear in **bold**.

Spearman's rho. a - antagonist; CRP - high sensitivity C-reactive protein; CSF - cerebrospinal fluid; IL - interleukin; MDD - major depressive disorder; r - receptor; s - soluble; TNF - tumor necrosis factor; vs. - versus
